Shigella toxin inhibits polyuridylic acid-directed polymerization of phenylalanine in ribosome-enzyme systems obtained from Escherichia coli or from Shigella dysenteriae. The inhibition is the result of toxin acting on ribosomes to prevent polyuridylic acid attachment.
Shigella toxin inhibits polyuridylic acid-directed polymerization of phenylalanine in ribosome-enzyme systems obtained from Escherichia coli or from Shigella dysenteriae. The inhibition is the result of toxin acting on ribosomes to prevent polyuridylic acid attachment.
Shigella dysenteriae 1 produces a toxin distinct from, and in addition to, the polymolecular endotoxin common to all gram-negative enteric bacteria. Preparations of shigella toxin are protein in nature and exhibit enterotoxic (ileal loop secretion), neurotoxic (mouse lethality), and cytotoxic (HeLa cell killing) activities (2, 6, 11). The toxin also blocks protein synthesis in rat liver cell-free systems, inhibiting both the polyuridylic acid [poly(U)]-primed synthesis of polyphenylalanine and the endogenous mRNA-directed synthesis of polypeptide (8) .
In view of the possibility that the toxin may normally be a functional constituent of S. dysenteriae, as well as of other enteric bacteria, it was considered of interest to study the influence of shigella toxin on amino acid polymerization systems obtained from toxigenic S. dysenteriae and from closely related Escherichia coli. In this report, we present results demonstrating that shigella toxin inhibits the polymerization of phenylalanine in a ribosome-enzyme system prepared from E. coli or S. dysenteriae and that the inhibition occurs as a consequence of a loss in the capacity of ribosomes to bind poly(U).
MATERIALS AND METHODS
Preparation of ribosomes. Cultures of E. coli 304-3-2 and S. dysenteriae 3818-0 were grown in Trypticase soy broth (BBL Microbiology Systems). Cells were harvested during the mid-exponential phase of growth by centrifugation and washed three times with, and finally suspended in, a buffer-salt solution (pH 7.5) composed of 10 mM Tris-chloride, 10 mM magnesium acetate, 150 mM NH4Cl, and 6 mM 2-mercaptoethanol. Cells were disrupted by passage through a French pressure cell at 20,000 lb/in2 followed by centrifugation at 15,000 rpm in a Sorvall SS-34 rotor at 5°C for 30 min to remove unbroken cells and cellular debris. Ribosomes and the S105 fraction were prepared from the supernatant fluid by the procedure of Tsugawa et al. (9) , except that rihosomes were treated with 1.5 M NH4Cl for 60 min. 20 min, reaction mixtures were processed for determining hot trichloroacetic acid-precipitable radioactivity as described previously (7) .
Preparation of shigella toxin. Toxin, generously supplied by M. K. Gentry and M. R. Thompson, had been prepared from S. dysenteriae 1 strain 3818T by the method of Thompson et al. (8) . The purification procedure contained the following steps. Cells grown in Syncase broth for 72 h were harvested by centrifugation, heated to 60°C for 30 min in 0.05 M sodium phosphate buffer (pH 6.0), and subjected to alkaline extraction by the method of van Heyningen and Gladstone (10) . The crude extract was precipitated between 28 and 70% ammonium sulfate saturation. The precipitate was dissolved in 0.02 M Tris-chloride (pH 7.8) containing 0.1 M NaCl and applied to a column of DEAE-Sephadex A-50 (Pharmacia Fine Chemicals, Inc.) followed by gel filtration on Bio-Gel A-0.5m (BioRad Laboratories). In both instances, the fractions showing HeLa cell cytotoxic activity were collected and concentrated. The final step was preparative isoelectric focusing over a pH range of 5 to 8 in an LKB column. The fractions with peak cytotoxic activity and pI of 7.0 were combined and dialyzed against 0.05 M Tris-chloride (pH 7.8). With respect to HeLa cell toxicity, this electrofocused material was determined to be 75 to 80% pure by polyacrylamide gel electrophoresis.
RESULTS
The effect of shigella toxin on polypeptide synthesis directed by poly(U) was tested in ribosome-enzyme systems prepared from E. coli and S. dysenteriae (Table 1) . Inhibition occurred when toxin was preincubated with NH4C1-treated ribosomes for 2 min at 370C. Almost identical degrees of inhibition were produced in both systems by increasing the amounts of toxin. Figure 1 shows dosage-response determinations in the E. coli system for the decrease of poly- peptide synthesis by graded quantities of toxin. The insert to the figure is a graphic probit transformation of the data; the linearity of the plot proves that the inhibitory action of toxin on polyphenylalanine synthesis does indeed obey a dosage-response correlation. (0) pernitted exposure of ribosomes to toxin in the absence ofpoly(U), the synthetic mRNA being added as the last component to start the reaction. The remaining complete mixture was incubated without toxin for 5 min and then was divided into two portions: one (A) received toxin at the time designated by the arrow; the other (0) continued to serve as the toxinfree control mixture. Toxin, when added, was supplied to a concentration of 1() pg ofprotein per ml of reaction mixture. Samples (0.05 ml) were removed at the indicated times and processed for the determination of hot trichloroacetic acid-insoluble radioactivity as described in Materials and Methods.
was directly determined by sucrose density gradient analysis of complete ribosome-enzyme reaction mixtures. Fiure 3 shows the absorbancy and total 14C and H radioactivity profiles for toxin-free and toxin-containing incubated mixtures. The radioactivity profiles of the toxincontaining mixture, as contrasted with those of the toxin-free control, clearly show a greatly decreased association of 3H and 14C labels with the 70S ribosomal region ofthe gradient, thereby demonstrating an inhibition of binding of [3H]-poly(U) to 70S ribosomes concomitant with a decrease of ['4C]polyphenylalanine synthesis.
The extent of inhibition of synthetic mRNA binding and ofpolypeptide synthesis was similar, thus indicating a causal relationship between the prevention of poly(U) binding and the decreased synthesis of polyphenylalanine. Although both systems contained the same quantity of ribosomes, the ribosomal material in the system supplied with toxin exhibited an increase in UV absorbancy at 260 nm. The significance of this observation is not apparent.
The results shown in Fig. 4 augment previous data that indicate that the ribosome is the target of toxin action. Progressive increases in the concentration of poly(U) added to reaction mixtures containing a constant concentration of toxin had no effect on the degree of inhibition by toxin (Fig. 4A) . In marked contrast, the inhibitory effect of a constant concentration of toxin was decreased by increases in the concentration of ribosomes (Fig. 4B) .
DISCUSSION
The experiments presented here demonstrate that cytotoxic shigella toxin preparations inhibit bacterial poly(U)-directed synthesis of polyphenylalanine by acting on ribosomes to prevent the attachment of poly(U). The inhibition of polyphenylalanine synthesis was found to occur in ribosome-enzyme systems prepared from extracts of E. coli as well as of S. dysenteriae. The sensitivity of cell-free systems from S. dysenteriae to inhibition by toxin appears to be an anomalous result; however, natural constituents removed from their in vivo loci may inhibit systems in which they normally function-inhibition resulting from alterations in molecular configuration, disruptions of cellular compartmentalization, or changes in reactant stoichiometry.
The precise mechanism by which shigella toxin inhibits poly(U)-directed polymerization of phenylalanine in bacterial ribosome-enzyme systems has yet to be determined. Nevertheless, it may be inferred that toxin binds to ribosomes, thereby in some manner affecting the attachment of poly(U). Recent experiments (unpublished) suggest that this binding is relatively weak, since 70S ribosomes or subunits retained full activity after exposure to toxin followed by centrifugation in, and isolation from, sucrose density gradients. These experiments further indicate that toxin is not enzymatically inactivating ribosomal particles.
The relationship of the inhibitory action of shigella toxin on bacterial amino acid polymerization systems to a mechanism of cytotoxicity or pathogenicity cannot be assessed at this time. Judging from the small (less-than-nanogram) amounts of toxin needed to demonstrate cytotoxicity in HeLa cells (6, 8) , the mode of action (inhibition of protein synthesis) may prove to be the same, whereas the mechanism underlying the inhibition may be found to be entirely different. For example, diphtheria toxin has been demonstrated to inhibit protein synthesis in both procaryotic and eucaryotic systems. In bac- 
